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Abstract 
The investigation of C-H bond activation by enzymes over the past several decades has revealed a plethora of 
deviations from semi-classical kinetic models. Although the early enzymatic results were interpreted in the context 
of a tunneling correction, the emergent properties are now seen to be largely incompatible with this type of analysis 
as well. This chapter introduces some of the experimental data that form the basis for our present understanding. A 
vibronically nonadiabatic model, that has a number of features in common with the Marcus treatment for electron 
transfer, offers a robust physical picture for the hydrogen tunneling behavior seen in both native enzymes and in 
enzymes that have been perturbed either by site-specific mutagenesis or by perturbation of the reaction conditions. 
Native enzymes under optimal conditions most commonly show behavior that requires a heavy atom donor-acceptor 
distance that is in the range of 2.7 Å. This compression beyond van der Waals distances is proposed to arise from 
the process of enzymatic conformational sampling. The absence of any evolutionary driving force to optimize 
tunneling for deuterium transfer (natural abundance < 0.02 %), together with the frequent observation that the 
enthalpic barrier for deuterium transfer is the same or very similar to that for protium transfer, leads to the proposal 
that tunneling is a consequence of a generic property of enzyme function in which overall protein flexibility enables 
the generation of active sites that can be quite compressed.  
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1. Introduction 
1.1 General background 
     Taken together, electron and hydrogen transfer reactions represent two of the most pervasive processes in living 
cells. While the role of tunneling in the movement of electrons over long distances in biological molecules has been 
recognized and accepted for many decades [1], a similar recognition of the importance of room temperature 
tunneling for the transfer of hydrogen is a relative recent phenomenon. 
     Despite its 1750-fold larger mass in relation to the electron, the expected proximity of H-donor and acceptor 
molecules (e.g., heavy atom to heavy atom distances of ca. 3.2-3.5 Å (C–H– –C) and as short as 2.5-2.7 Å (O–H– –
O) [2]) leads to estimated distances over which hydrogen will be transferred in the range of 0.5 to 1.0 Å. From a 
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simple comparison of these H-transfer distances to the estimated de Broglie wavelength for hydrogen of 0.63 Å [3], 
the non-classical property of hydrogen becomes apparent. Nonetheless, the expectation of significant H-tunnelling 
has historically been relegated to very low, non-physiological temperatures where reactions have been detected to 
persist with rate constants much larger than predicted from extrapolated high-temperature Arrhenius behaviour. 
     The question immediately arises as to how the experimentalist can obtain convincing evidence for H-tunneling at 
or near room temperature. Although direct observation of tunneling, as seen for example in radioactive decay, has 
not yet been possible, the existence of multiple stable isotopes for hydrogen opens up the door to detection. The 
theory of semi-classical isotope effects has been in effect since the early 1950s and offered an early context for 
interpreting the relative reaction rates of isotopically labeled molecules. To summarize many decades of both 
experiment and theory [4,5], the origin of such semi-classical isotope effects comes from isotopic differences in 
ground state zero point energies that are lost or altered at the transition state, Scheme 1.  
 
  
               Scheme 1. Origin of semi-classical kinetic isotope effects 
      
    The transition state formalism of Scheme 1 allows a calculation of the upper limit for the primary kinetic isotope 
effect (KIE, defined generically as the ratio of light (1) to heavy (2) isotope, k1/k2), and its temperature dependence. 
Additionally, it is possible to define the interrelationship among multiple isotope effects for both primary and 
secondary effects (referred to as the Swain-Schaad relationship), as well as the upper limit for secondary isotope 
effects. The predictions for each of these properties are summarized in Box 1, where the maximum size of the 
predicted primary KIE is ca. 7, while that for the kinetic secondary KIE is the equilibrium isotope effect (EIE) for 
the full equilibration of reactant and product. The phenomenon, in which the primary KIE goes to a value close to 
unity at very high temperature, represented as A1/A2, can be seen as a result of the increasingly close spacing of 
isotopically distinct vibrational levels at elevated temperatures, such that initial state isotopic differences almost 
vanish in the limit of high temperature.  
 
            
Box 1. Semi-classical behavior of hydrogen isotope effects, illustrated for the homolysis of a C–H bond. The extreme estimates of the semi-
classical boundaries are quoted where available. [6-11] 
         
1.2 Early detection and analysis of room temperature H-tunneling in model reactions 
 
     Anecdotal evidence for H-tunneling in the reactions of small molecules in condensed phase began to appear in 
the literature in the 1960s. The ionization of nitroalkanes, eq (1), offered an excellent opportunity to probe for H-
tunneling for a number of reasons.  
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First, the presence of a nitro substituent adjacent to an ionizing C-H bond reduces its pKa into the range of aqueous 
buffers, making the driving force for ionization much less endergonic than for standard carbon acids with pKas in 
the range of 20-30. Further, nitroalkanes undergo slow ionization due to the kinetic barrier for delocalization of the 
resulting carbanion into the adjacent nitro group, introducing a high barrier for loss of the proton. Both of these 
features are expected to favor tunneling through the barrier (cf. [12]). An early report of a kinetic isotope effect of 
50 was met with skepticism and later shown to be an experimental artifact [13]; however, there are several validated 
studies that established primary KIEs as large as 10 in nitroalkane deprotonation [14].  
     While a room-temperature KIE of 10 is not enormous by modern standards (especially as has been shown for 
enzyme reactions, see below), the observation of elevated isotope effects stimulated much debate. Many researchers 
looked for alternate explanations for exhaulted KIEs that have included (i) the loss of both a stretching and bending 
mode at the transition state or (ii) kinetic complexity that involves a common intermediate that can partition to more 
than one product. Many early researchers favored the first possibility as an explanation for a KIE larger than 7, with 
Wiberg calculating KIEs of 18 and 48 for the loss of one or two bending modes along with a stretching mode at the 
transition state [15]. However, the creation of a transition state in which hydrogen is transferred from a donor to 
acceptor site is expected to increase, not decrease, the number of vibrational modes [8]; it is generally agreed that, at 
best, the bending modes will cancel and, at worst, they may decrease the size of the KIE. The issue of reaction 
branching can become a concern for small molecule reactions, depending on the method of measurement of a KIE. 
In the case of enzymes, it is rare to observe the branching of a substrate-derived reaction intermediate, and in one 
well-studied example [16] it was shown that potential branching could be eliminated by elevating the concentration 
of a second substrate. 
     Bell’s extensive writings on the role of tunneling in C-H activation dominated the treatment of “aberrant” KIEs 
until fairly recently [17]. Bell described the tunneling of a free particle through a one dimensional Eckart Barrier; 
this behaviour was then included as a correction to semi-classical transition state theory. He defined the ratio of the 
rate of reaction with tunneling to that without tunneling as Q, eq (2):  
 
                 Q = k(with tunnelling)/k(without tunneling)      (2) 
 
    kobs = (ksc)(Q)   (2a) 
 
In the Bell formalism, Q will be larger than unity, while in the semi-classical formalism, the pre-exponential 
transmission coefficient, κ, is always less than or equal to unity. An important computational advance that led to 
increasing acceptance of the importance of tunneling in condensed phase is the variational transition state theory 
(VTST) as introduced by Truhlar and co-workers (cf. [18, 10]). In contrast to Bell’s treatment, tunneling is treated as 
a multi-dimensional process in VTST, with a primary focus being corner cutting below the top of the classical 
transition state. When this occurs near the top of the barrier it is referred to as small curvature tunneling, with large 
curvature tunneling taking place close to the zero point vibrational energy of reactant and product, Figure 1.   
 
 
                                                                     
Figure 1.  Illustration of the role of small and large curvature tunnelling according to VTST. Taken from [20]. 
 
     The introduction of the concept of a tunneling correction is a historically important one and has provided a means 
of modelling a range of enzyme systems. Professor Scrutton will be discussing the modelling of his extensive 
experimental data on aromatic amine dehydrogenase and Old Yellow enzyme, where he concludes that tunnelling 
contributes ca. 103-fold to catalysis. A primary focus on quantifying the extent to which an enzymatic hydrogen 
transfer process proceeds via tunneling has led to many discussions of whether and to what extent the phenomenon 
of tunneling is a major factor in enzymatic rate accelerations (cf. [21]). The view of this author is somewhat 
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different: the detection of biological hydrogen tunneling is important because it offers the researcher a unique 
glimpse into the properties of an enzyme active site that lead to productive reaction trajectories [22, 23]. This 
follows from the fact that the signatures of tunneling in enzymes often deviate from the expectations inherent in 
either semi-classical or tunneling correction formalisms, requiring full tunneling models in which the reactive 
particle always moves as a wave. Perhaps most significantly, in the process of teasing apart the factors that 
contribute to H-tunneling in enzyme reactions, many new insights into the origins of the enormous rate accelerations 
brought about by enzymes have been gleaned.  
 
2. Experimental evidence for hydrogen tunneling in enzyme catalysis 
 
2.1 Extremely large KIEs and their anomalous temperature dependencies in enzyme catalyzed C-H activation 
 
     Tunneling-related deviations from the predictions of Box 1 include (i) non-classical Swain-Schaad relationships, 
(ii) highly temperature-dependent KIEs or temperature-independent KIEs and (iii) extremely large KIEs. The latter 
provide the most straightforward illustration of tunneling. Among the first enzyme systems to be shown to have 
enormous primary hydrogen KIEs is the lipoxygenase isolated from soybean (SLO-1). This enzyme utilizes a high 
potential active site Fe-OH to abstract a hydrogen atom from the C-11 position of linoleic acid, Scheme 2. In 1994, 
two laboratories independently published evidence for a room-temperature kH/kD of 60-80 in SLO-1 [24, 25]. 
 
                                      
 
Scheme 2. Reaction catalyzed by SLO-1 
 
Enzyme kinetics lead to two fundamental rate parameters, the second order rate constant for reaction of free 
substrate with enzyme, kcat/Km (M-1, s-1) and the unimolecular rate constant at substrate saturation (s-1) [26]. While 
chemists have tended to focus primarily on the unimolecular (kcat) parameter in analyzing the origins of catalysis, 
kcat and kcat/Km reflect the same transition state, ES‡, when the H-transfer step is fully rate-determining for both 
parameters, Scheme 3.  
 
                         
Scheme 3. Contrast of kcat/Km to kcat 
 
     Extensive kinetic studies on SLO-1 have shown that while the KIE on kcat/Km for SLO-1 can be smaller than that 
for kcat under specific reaction conditions [27], these KIEs approach one another under conditions of high 
temperature and low pH. When the KIE on kcat/Km is below its maximum value, this has been shown to be due to a 
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combination of slow binding of substrate and a partially rate-limiting protein isomerization after substrate binds and 
before C-H bond cleavage [27]. 
     The range of experimental approaches that can be used to demonstrate full kinetic isolation of the H-transfer step 
has been recently reviewed [28]. Three of these approaches are apparent in SLO-1: first, there is the observation that 
kcat/Km and kcat converge toward a single, very large KIE under limiting conditions [27]; second is the fact that single 
turnover kinetics corroborate the large steady state KIEs for SLO-1[29]; and third, site-specific mutagenesis of SLO-
1 is found to greatly reduce the rate of the reaction while leaving the magnitude of the KIE largely unchanged [30] 
(see immediately below). Additional controls for the SLO reaction have included the measurement of a small 
secondary KIE at the reactive C-11 methylene carbon of substrate [31] and the demonstration that high levels of the 
second substrate (O2) rapidly trap the linoleic acid-derived free radical (Scheme 2), preventing any loss 
(partitioning) of this radical from the enzyme to solution [16, 27, 32]. On aggregate, the extensive data available for 
SLO-1 make this one of the premier enzyme systems in which to explore the factors responsible for enormous 
primary hydrogen KIEs. 
     While the initial studies of SLO-1 used enzyme isolated from its source, the recombinant form of enzyme can be 
expressed in E. coli, permitting the production of mutated forms of enzyme [31]. A number of high-resolution X-ray 
structures are available for SLO, facilitating the choice of positions to mutate [33-36]. While it has not been possible 
to obtain a structure with the substrate bound to enzyme, molecular modelling yields a structure for the binary 
complex that is consistent with the position of reactivity of linoleic acid (at C-11) and the stereo- and regio-
chemistry of the product hydroperoxide (at C-13), Scheme 2. The data in Table 1 contrast the kinetic parameters for 
WT to six active site mutants of SLO-1 [30, 36]. In these studies, the focus has been on bulky hydrophobic residues 
that line the binding pocket, with the goal of creating packing defects either proximal (Leu 754 and Leu 546) or 
distal (Ile 553) to the reactive C-H bond. As can be seen, changes in the two proximal residues produce larger rate 
reductions than the distal mutations. High-resolution X-ray studies of each of the mutants at position 553 have 
indicated 3-dimensional structures that are almost superimposable on the WT-structure  [36].  
 
           Table 1.  Kinetic parameters for WT-SLO-1 and six mutants  [30, 36] 
Enzyme kH (s-1) 
(30 ºC) 
kH/kD 
(30 ºC) 
Ea 
(kcal/mol) 
Ea(D) – Ea(H) AH/AD ωx a 
(cm-1) 
a 
(Å) 
WT 297(12) 84(8) 2.2(0.2) 0.8(0.2) 19(6) 292, 174 2.71, 2.7 
 
Ile546Al
 
4.8(0.6) 
 
93(9) 
 
4.1(0.4) 
 
1.9(0.6) 
 
4(4) 
 
--- 
 
--- 
Ile754Al 0.31(0.02) 112(11) 4.1(0.3) 2.0(0.5) 3(3) --- --- 
Ile553V 91(5) 77(6) 2.4(0.5) 2.6(0.5) 0.3(0.2) 64, 152 3.29, 2.76 
Ile553Le 273(10) 81(3) 0.4(0.7) 3.4(0.6) 0.3(0.4) 56, 131 3.48, 2.85 
Ile553Al 278(7) 93(4) 2.1(0.5) 4.0(0.3) 0.12(0.06) 47, 140 3.84, 2.82 
Ile553Gl 58(4) 178(16) 0.03(0.04) 5.3(0.7) 0.027(0.034) 37, 127 4.6, 2.94 
                 a Computed parameters. The first entry in each column is from [36] and the second entry from [37].  
 
     There are a number of remarkable features of the data in Table 1. First, with the exception of Ile553Gly, the size 
of the kinetic isotope effect is both enormous and almost unchanged across the series. Second, the temperature 
dependence of the KIE undergoes a regular trend, leading to extrapolated value for the isotope effect on the 
Arrhenius prefactor, AH/AD, that is greater than unity for WT and progressively becomes inverse with the mutants. 
Concomitant with the value of AH/AD moving from normal to inverse, the difference in activation energy, Ea(D) – 
Ea(H), becomes progressively larger. Lastly, the impact of change is greater for transfer of deuterium than protium, 
meaning that the lighter isotope is less susceptible to perturbations in side chain packing at the interior of the 
protein.  
     Over the last ten years, numerous theoretical approaches have been taken in an effort to model the data in Table 
1 (cf. recent papers [37, 38] for brief overviews). While it has been possible to reproduce the size of the KIE by 
allowing the hydrogen to undergo extensive tunneling, a satisfactory explanation for the temperature dependence of 
the KIE has proven more elusive. A breakthrough occurred in 1999, with the work of Kuznetsov and Ullstrup [39] 
and extended to SLO-1 by Knapp et al. in 2002 [30]. The picture presented by Kuznetsov and Ullstrup was an 
R
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outgrowth of the work from the Russian school of Dogonadze, who early on discussed the possibility of temperature 
independent KIEs in the context of enzyme catalyzed hydrolytic reactions [40]. The mathematical expressions 
derived in reference [39] are, in many ways, similar to the non-adiabatic treatment of outer sphere electron transfer. 
This is especially true for the dependence of the rate on both the reorganization energy (λ) and the reaction driving 
force (∆Gº), such that the origin of the reaction barrier comes from the movement of the heavy atom environment 
and not the motion of the primary transferred particle, eq (3): 
 
                             (3) 
                                          (3a) 
                  (3b) 
 
     The parameters ωx, rx and mx are the frequency, distance and mass of heavy atom motion along the H-transfer 
coordinate. mH, ωH and rH  are the mass, frequency and distance travelled by the tunneling particle. R and T are the 
gas constant and temperature, and kB and  are the Boltzmann constant and Planck’s constants divided by 2π, 
respectively. The  in Table 1 represents the average donor to acceptor distance prior to distance sampling, which 
is the sum of rH plus the C–H and O–H bond distances (1.09 and 0.91 Å, respectively). 
     There are a number of salient features of eq (3), as well as assumptions, that will be addressed in turn. It can be 
seen that eq (3) contains three exponentials, with the first representing a Marcus-like term that describes the 
environmental reorganization required to achieve transient degeneracy between reactant and product vibrational 
modes. As represented, this is restricted to the zero point energies of reactant and product (0,0 transition), though it 
is relatively easy to expand the first exponential term to include transitions that involve excited vibrational modes. In 
the event of the dominance of reaction from the 0,0 transition, the first exponential in eq (3) is temperature- 
dependent and isotope-independent. The isotope dependence comes from the second exponential in eq (3); this 
Franck-Condon overlap term describes the wave function overlap of the particle that depends on its mass (as well as 
its frequency and distance travelled), but not temperature. Finally, given the short distance over which hydrogen 
moves and the large increase in tunneling efficiency for small changes in inter-nuclear distance, the third 
exponential represents the integration of the Franck-Condon overlap over a range of donor-acceptor distances. Since 
the larger mass/shorter wavelength for deuterium requires a closer approach than protium [41] the third exponential 
is both mass- and temperature-dependent and is the major source of the temperature dependence to the KIE. 
     Many features of eq (3) have been discussed and elaborated upon in the literature. First, there is the issue of 
adiabaticity, since eq (3) is derived in both the electronic and vibronic nonadiabatic limit. While the latter appears 
appropriate for the described H-transfer, the electronically non-adiabatic assumption cannot be completely correct 
for the transfer of hydrogen between a donor and acceptor site. This point has been developed by Kiefer and Hynes, 
who, while introducing electronic adiabaticity into their derivations, arrive at a physical picture that is almost 
identical to that of eq (3) for the origin of the KIE [42]. On reflection, since the electronic overlap is contained in the 
pre-exponential (Const.) of eq (3) and is mass-independent, the assumption regarding electronic adiabaticity may 
influence the formulation and calculation of rate constants but should not impact the physical origins of the KIE.  
     Turning to the first exponential in eq (3), the incorporation of excited state vibrational modes for H-transfer 
introduces a small mass dependence to this term. Kiefer and Hynes [42], using a similar expression and a number of 
model reactions, estimated that about ~ 20% of the mass dependence for the KIE will result from excited vibrational 
mode participation, pointing out the greater importance of this effect for transfer of deuterium with its distinctive 
vibrational spacings. Such an effect was also noted by Knapp et al. [30], though its impact on the SLO reaction was 
calculated to be less than estimated by Kiefer and Hynes.  
     The third exponential in eq (3) is potentially the most fraught since, as given, it assumes that the sampling of 
distance between the H-donor and acceptor is controlled by a harmonic oscillator and is uncoupled from the 
environmental reorganization of the Marcus term in eq (3). These issues have been addressed by Hammes-Schiffer 
[43] who was able to reproduce the data in for WT-SLO-1 in a manner similar to Knapp et al.  [30] and by Meyer et 
al. [44] who contrasted the impact of using either a Morse oscillator or a harmonic oscillator to represent the donor-
acceptor distance sampling term. One aspect of the recent calculations by Hammes-Schiffer and co-workers [37] is 
their ability to reproduce the experimental data for the SLO-1 mutants using average initial H-donor and acceptor 
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distances ( ) that are shorter and more physically realistic than values obtained earlier in calculations by Meyer et 
al. [36, 44]. 
     Perhaps the most important property to emerge from the SLO-1 data and the modelling thereof is the ability to 
obtain a range of values for AH/AD and [Ea(D)-Ea(H)] while keeping the KIE large and almost invariant. This is 
done by allowing the frequency for inter-nuclear distance sampling along the H-coordinate (ωx) to vary as a result of 
enzyme mutation. In the case of WT enzyme, ωx is relatively large, implying a stiff active site environment, with 
little need for a contribution of distance sampling; this produces the weakly temperature-dependent KIE, reflected in 
the AH/AD considerably larger than unity, Table 1. The large size of the KIE implies that there is little coupling 
between the donor and acceptor, as assumed in the development of eq (3) and, perhaps, expected for the transfer of 
the charge neutral hydrogen atom. It is worth speculating that the distance at which the donor and acceptor are 
maintained in hydrogen atom transfer enzymes may be longer than for those that catalyze movement of charged 
properties, such as proton and hydride ion; the experimental KIEs are always much smaller in proton and, 
especially, hydride transfer reactions.  
     The small temperature dependence of the KIE for WT-enzyme implies the achievement of a tunnelling-efficient 
distance of ca 2.7 Å that needs little further adjustment. It is only upon the introduction of mutations that cause 
“defects” within the protein that the donor and acceptor find themselves too far apart (> 2.7 Å) to react effectively. 
However, since the mutation of a bulky side chain to a smaller group also reduces the oscillator frequency 
controlling distance sampling, the enzyme is able to restore the active site to a similar tunnelling-efficient distance 
as for WT, via a gating process that is dependent on the mass of the transferred particle. The consequence of this 
behavior is the introduction of a temperature dependence to the KIE that simultaneously maintains the magnitude of 
the KIE. It is worth noting that the Ile553Gly of SLO-1 is the only variant that shows a greatly enlarged value for its 
KIE at 30 ºC. It appears that the enzyme active site has been “pushed too far”, such that it can no longer overcome 
the impact of mutagenesis by enhanced distance sampling [36].  A similar effect has been seen recently in the 
reaction catalyzed by another non-heme iron protein, TauD, which shows a KIE of 60 with WT enzyme that can be 
maintained for the Phe to Leu variant but rises to 200 when the Phe is replaced by Val [45].  
 
2.2 Deviations of Swain-Schaad relationships from semi-classical predictions 
 
     Some of the earliest evidence for hydrogen tunneling in enzyme reactions came from studies of hydride transfer 
reactions in the dehydrogenase class of enzymes. This included the finding that a self-consistent “enzymatic 
transition state structure” which, in early investigations, had been attributed to the C-H bond stretch coordinate, 
could not be obtained upon comparison of results from structure reactivity correlations [46] and secondary hydrogen 
KIEs [47] in a reaction catalyzed by alcohol dehydrogenase (ADH) from yeast. In a second related dehydrogenase 
reaction, the size of the secondary KIE was shown to exceed the semi-classical limit of the EIE [48] (cf. Box 1). A 
definitive test for tunneling involved a comparison of secondary KIEs using the isotope pairs D/T or H/T. An 
important aspect of the choice of these isotope pairs is that the D/T substrate was synthesized with deuterium in both 
the primary and secondary position, whereas the H/T pair has protium in both positions, Scheme 4.  
 
                                       
Scheme 4.  Schematic for measurement of secondary KIEs in ADH. In these reactions, a deprotonated alkoxide anion transfers a hydride ion to 
the enzymatic cofactor, NAD+. 
 
     In the kinetic comparison, tritium was, as a first approximation, used as a frame of reference, with the 
relationship of H to D transfer defined by the relative zero point energies of the isotopically-labeled reactants (the 
semi-classical Swain-Schaad relationship, Box 1). In the context of a tunneling correction, the magnitude of Y = ln 
kH/kT/ln kD/kT was predicted to be elevated above a semi-classical value of ca. 3.3 – 4.8 (more efficient tunneling by 
H than D), and, in fact, a number of enzyme reactions have yielded Y values for the secondary KIEs as high as 10-
15 [3,49].  
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     Using the approach described in Section 2.1 for SLO-1, the impact of a reduction in the size of an active site 
hydrophobic side chain on the tunneling parameter (in this case Y) was tested in ADH. The size of Y was found to 
decrease toward the semi-classical limit of ca. 3.3 as the bulk of the side chain behind the reactive ring of cofactor 
got smaller, with an X-ray structure for one of the mutant forms of protein showing an accompanying increase in 
distance between the H-donor and acceptor of ca. 0.8 Å [50]. This led to the important concept of steric compression 
being the cause of the aberrant secondary KIEs.  However, the initial use of a tunneling correction model to explain 
the data has turned out to be incompatible with the aggregate data. There are two significant reasons for the latter. 
First, deviations from Swain-Schaad behavior are pronounced in secondary KIEs but generally not detectable for the 
primary hydrogen KIE (cf. [51]). Second, the deviations of the secondary KIEs from Swain-Schaad behavior in 
ADH have been shown to reside in the secondary kD/kT where deuterium is in the primary position, not in kH/kT 
where protium is being transferred [52, 53], cf. Scheme 4 and Figure 2.  
 
                                                
Figure 2. The dependence of Y(x axis) resides in α-2º(kD/kT) (y axis).  The α-2º(kH/kT) is constant at 1.34 (0.01) for all of the ADH reactions 
studied [52,53].   
 
For a tunneling correction model, the kD/kT measurement is expected to be close to classical behavior, with the 
secondary kH/kT representing a monitor of the extent of tunneling and its dependence on active site compression. 
     An explanation for the behavior of the secondary KIEs in the ADH can, however, be found in a full tunneling 
treatment of the reaction coordinate introduced in Section 2.1. In the context of the physical model of eq (3) and 
related mathematical treatments, the secondary KIE is a measure of the contribution of inner sphere reorganization 
that is a prerequisite for movement of the primary hydrogen as a wave. As already discussed above, the transfer of 
deuterium requires a shorter “tunnelling-ready distance” because of its two-fold larger mass and shorter wavelength 
in relation to protium. Thus, a working model emerges for the behavior of the secondary KIEs in the ADH reactions 
in which the inner sphere reorganization process has become significantly restricted when deuterium is transferred 
from the primary position [53].  
    The predictions from such a model are in precisely the direction observed experimentally: the changes in bond 
hybridization that are the origin of the secondary kH/kT (when H is moving at the primary position) will be relatively 
“normal”, while the analogous changes that contribute to the secondary kD/kT (D movement in the primary position) 
are prevented due to steric clash. A reduction in size of a bulky active site amino acid side chain that restricts the 
inner sphere reorganization for D-transfer in WT-enzyme is similarly predicted to increase the size of the kD/kT, 
while leaving the kH/kT relatively unaltered. This is also in full agreement with the experimental findings. To further 
test this “steric clash” model, Kohen and co-workers [54] examined the pattern of secondary KIEs in the reverse 
direction of aldehyde reduction to alcohol, finding a smaller kD/kT (D transfer) in relation to kH/kT (H transfer).  In 
both instances, the size of the experimental secondary KIEs significantly exceed that of the equilibrium KIE.  
Modeling of the tunnelling-ready state [54] offers a reconciliation of the earlier discrepant conclusions regarding the 
nature of the enzymatic transition state [46, 47]. Focusing on the magnitude of a secondary kH/kT (H transferred 
from the primary position), rather than on a comparison of kH/kT to kD/kT, Scrutton and co-workers have recently 
reported a small decrease in the magnitude of the secondary kH/kD that may (within experimental error) correlate 
with a decrease in donor-acceptor distance following site-specific mutagenesis of the hydride-transferring enzyme 
morphinone reductase [55]. 
 
3. Integrating the aberrant behavior for the temperature dependence of KIEs with that for Swain- Schaad 
deviations in enzyme reactions 
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     The combined kinetic properties of SLO-1 and the ADHs have led to a major shift in our conceptualization of C–
H activation in enzyme reactions. At face value, the elevated size of the primary hydrogen KIEs in SLO-1 and the 
direction of the Swain-Schaad deviations in the secondary KIEs of the ADH reactions established the importance of 
room temperature H-tunneling and provided guidelines for similar investigations in other enzymatic C-H activation 
reactions. Perhaps more importantly, the properties of SLO-1 and ADH have gone beyond the demonstration of 
tunnelling as a correction to semi-classical transition state theory, uncovering properties of a full tunneling process 
that are rarely seen in the reaction of small molecules at room temperature (cf. Section 4.1 below).  
     Specifically, there are the observations of weakly temperature-dependent KIEs (SLO-1) and Swain-Schaad 
deviations that arise from abnormalities in the kD/kT rather than kH/kT (ADHs).  As argued in Sections 2.1 and 2.2 
above, eq (3) provides a valuable context for the understanding of each of these phenomena. Large variations in the 
temperature dependence of the KIE can be accommodated by the third exponential of eq (3) which, in additional to 
containing the mass of the vibrating unit, depends critically on the ratio of ωx to kbT (where ωx is the frequency of 
the vibrating unit along the H-transfer coordinate and T is temperature). Using a vibrating mass of ca. 100 amu, the 
collective kinetic data for SLO-1 have been successfully modelled using values for ωx that range from ca. 40 to 300 
cm-1, Table 1; these can be compared to a room temperature frequency of ca. 200 cm-1. In their overall scope, the ωx 
values for SLO-1 bracket the room temperature energy. At the upper end of ωx lies the WT enzyme, with a distance 
sampling frequency sufficient large to greatly restrict motion alone the H-transfer coordinate. By contrast, 
introduction of a single site of mutation is sufficient to reduce ωx. As summarized in Box 2, this behavior of large 
variations in the temperature dependence of the KIE is not restricted to SLO-1, with many other C-H activating 
enzymes showing a similar increase in the temperature dependence of the KIE when the enzyme or reaction 
condition is perturbed away from the optimal state.  
 
                                   
Box 2. The impact of remote perturbations on the temperature dependence of the KIE [23].  It has been proposed that each of the summarized 
perturbants alters the conformational landscape of the protein (shown as springs) in such a way that it is no longer possible to achieve a very close 
approach between the donor and acceptor atoms.  
 
     An explanation of the Swain-Schaad behavior using eq (3) may be best understood in the context of the impact of 
the mass of the transferred atom on the magnitude of the inner sphere reorganization (λIN), with the latter being the 
determinant of the secondary KIE. This is not stated explicitly in eq (3), where λΤΟΤ has been assumed to be 
independent of mass (λTOT = λIN + λOUT). As discussed in Section 2.1, the only mass dependence implied in the first 
exponential of eq (3) comes from the ∆Gº term under conditions where H-transfer occurs from (or to) excited 
ground state vibrational modes.  
    In an effort to understand the magnitude of the Swain-Schaad relationship for the primary, transferred particle, 
Kiefer and Hynes computed Y, finding an “apparent semi-classical” value of 3.3 near room temperature under 
conditions where the primary H/D KIE rose to a value greater than 100 (indicative of extensive tunnelling). They 
further showed that while the value of Y for the primary hydrogen is independent of reaction driving force, it can 
actually decrease below 3.3 (in the low temperature regime) [42].   
    Our understanding begins “to clear” with the recognition that the experimental Swain-Schaad deviations arise 
almost exclusively in the secondary KIE and are a direct consequence of the manner in which the isotopically-
labelled substrates are designed and the KIE measurements performed (cf. Scheme 4). By contrast, the analytical 
expression represented in eq (3), together with similar mathematical treatments, is focused exclusively on the 
transferred, primary hydrogen. At this juncture, an analytical description for λIN as a function of transferred mass is 
needed, potentially leading to a comprehensive expression for H-tunneling that is capable of representing both 
primary and secondary KIEs.  
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     In the latter context, it is worth noting several experimental systems that have compared the behavior of the 
secondary KIE to the temperature dependence of the primary KIE [49, 55].  In a thermophilic ADH, increasing the 
temperature into the physiologically relevant range (> 30 ºC) produced, simultaneously, a temperature independence 
for the primary KIE and a greatly elevated value for Y.  A decrease in temperature below 30 ºC. not only introduced 
a temperature dependence to the primary KIE (Box 2), but also reduced Y in the direction of the semi-classical value 
[49].  A recent study by Scrutton and co-workers used site-specific mutagenesis to alter active site packing, finding a 
correlation between a reduced temperature dependence for the primary H/D KIE and a reduced magnitude for the 
secondary H/D KIE [55].  To recapitulate, the picture of a native state enzyme active site that emerges from studies 
of both the temperature dependence of the KIE and Swain-Schaad deviations in C-H activation is one that is 
compressed/constrained in a manner that is highly favorable for tunneling. The data further implicate a capacity of 
enzymes to achieve ground state “tunnelling-ready configurations”, with the property of a distance between the H-
donor and acceptor in the range of 2.7 Å – a distance reduced by ca 0.5 to 0.8 Å from expected resting van de Waals 
distances of 3.2 to 3.5 Å. This raises the question of what aspect of protein structure/function allows such a close 
donor-acceptor approach to occur (cf. Section 4.3).  
 
4. Further experimental and theoretical considerations 
 
4.1 Model reactions in relation to enzymes 
 
     It is possible to estimate the magnitude of enzyme catalysis by studying unimolecular reactions in water, and 
comparing the rates for these model reactions to the rates of the comparable enzyme reaction. This kind of approach, 
developed by Wolfenden and co-workers [56], has led to a working, upper estimate for the degree of enzyme rate 
acceleration at ca. 1020 -fold (an enormous factor!). A more difficult challenge is to design a model reaction for C-H 
activation that begins to mimic the enzyme reaction by incorporating, for example, acid/base catalysis or the 
participation of an organic/inorganic cofactor.  
     Several model systems for C-H activation have focused specifically on demonstrating H-tunneling and on 
attempting to understand its relationship to enzymatic tunneling.  Finke and co-workers developed and characterized 
a model reaction for the B-12-dependent hydrogen abstraction reaction catalyzed by methyl malonyl-CoA mutase 
[57]. They observed a temperature-dependent H/D KIE that varied from 8.1 (120 ºC) to 12.4 (80 ºC), corresponding 
to a KIE of 29 at 30 ºC.  Although the data for the model reaction were somewhat different from that for the 
enzyme, it was further argued that a statistical re-analysis of the enzymatic data was necessary and would produce 
results almost identical to that of the model reaction. This study, which was designed to discern whether tunneling 
occurs more often on an enzyme, led to the conclusion that the enzyme and model reaction were the same. In 
hindsight, with our current understanding of the properties of enzymatic tunneling, the more important question for 
Finke to have addressed appears to have been: why is the KIE so temperature-dependent in the methyl malonyl-
CoA mutase, in contrast to many native, optimized enzymes, Box 2. It appears that methymalonyl-CoA mutase has 
not been fully optimized for tunneling, possibly because the primary barrier to catalysis comes largely from 
cleavage of the carbon-cobalt bond of the cofactor, with only a small subsequent barrier for H-atom abstraction.  
     In a second model reaction, the proton abstraction catalyzed by ketosteroid isomerase [58], Pollack and co-
workers focused on the Swain-Schaad relationship for secondary KIEs. The authors used acetate as a replacement 
for the active site base in ketosteroid isomerase, and the secondary KIEs were measured for both protium and 
deuterium transfer. Similar to the ADH reaction, the secondary KIE for deuterium transfer in ketosteroid isomerase 
is smaller than for protium transfer, from which the authors concluded a role for hydrogen tunneling in the enzyme 
reaction. Site-specific mutagenesis was focused on either the active site base (Asp to Ala) or hydrogen-bonding 
group (Tyr to Phe), which affected rate but not the magnitude of the secondary KIEs. Thus, while showing the 
preferential impact of the enzyme active site on a reduction of the secondary KIE for deuterium transfer, the 
particular side chains that enforce active site compression in ketosteroid isomerase have not yet been identified.  
     The link between temperature-independent KIEs and hydrogen tunnelling has not always been apparent.  In a 
classic review, Kwart [59] pointed out four model systems with AH/AD in the range of 2-5. In this review, he 
categorically dismisses tunnelling as the origin of the temperature-independent KIE behavior, relying on the “Bell 
perspective” that tunnelling can only generate AH/AD << 1. The explanation tendered by Kwart was the involvement 
of bent transition states, although subsequent computational studies (more than 1000 models tested) were unable to 
generate temperature-independent KIEs [60].  The authors [60] concluded that the proposed use of the temperature 
dependence of the KIE to infer transition state structure was without foundation.  Unlike enzyme reactions, the 
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overriding observation in model systems is that of either AH/AD  1 or AH/AD << 1. Nonetheless, in addition to the 
data reported by Kwart, there are two other studies worth noting: (i) A base-catalyzed elimination reaction reported 
by Koch and co-workers, where primary H/D KIEs of 2-4 generated AH/AD values of 1.5 to 4.8 [61]; and (ii), a 
study of the oxidation of benzyl alcohol by a ruthenium-oxo complex, where a kH/kD = 50 (25 ºC) was accompanied 
by enthalpies of activation for protio- and deuterio- substrate that were within experimental error of one another 
[62].          
     The classic work by Limbach and co-workers on the characterization of proton transfer reactions in a tetrapyrrole 
model system (cf. [63]) is also of some relevance to this treatise. Using NMR to follow proton transfer from 
nitrogen to nitrogen within the tetrapyrrole, these workers were able to extend their studies over a very large 
temperature range (down to ca. 100 K).  In the low temperature regime, a pattern similar to that for room 
temperature enzyme tunnelling, i.e., temperature-independent KIEs accompanied by significant enthalpic barriers, 
was observed. These authors invoke a preorganization process as a means of achieving short tunneling distances, 
bringing their model reaction close to that of many enzyme cases (cf. Section 4.3).  An important difference between 
the tetrapyrrole model and C–H activation reactions is the transfer of hydrogen between two hetero-atoms (N–H– –
N) in the former case.  The ability of hetero-atoms to form short H-bonds [2] is expected to facilitate the generation 
of “tunnel-ready distances” far more readily than can occur for reaction at carbon centers.  
 
4.2 Computational methods distinct from numerical fitting of data to eq (3) 
 
     While the focus of the present account is on the experimental properties of H-tunneling, this report would be 
incomplete without some discussion of computational methods. Both variational transition state theory (VTST) (cf. 
[18 - 20]) and the valence bond (VB) approach (cf. [64 - 66]) have played major roles in modelling the H-transfer 
coordinate in enzymes. While the initial goal was to reproduce the rate of H-transfer and the KIE, subsequent studies 
have focused on the link of the active site to the rest of the protein. Of particular note is the division of a particular 
reaction into a quantum mechanical region (QM), that interfaces with the rest of the system that is analyzed via 
molecular mechanics (MM). The MM region can be further refined to undergo dynamical changes that impact the 
H-transfer coordinate. One of the advantages of these approaches is that they allow for the construction of a 
reaction-specific, potential energy surface that can provide insight into the role of active site residues in adjusting 
and optimizing the tunneling coordinate. A disadvantage of the VTST approach is its inability to provide a robust 
explanation for temperature-independent KIEs; this is because the “corner-cutting” property of VTST (Figure 1) 
implicitly leads to a larger enthalpic barrier for deuterium than protium transfer. The explanation invoked for the 
temperature independence of the primary KIE in the E. coli dihydrofolate reductase reaction [67] is unlikely to be 
generally applicable to the wide range of enzyme-catalyzed C–H cleavage reactions displaying weakly temperature-
dependent or temperature-independent KIEs (cf. Table 2 below). 
     It is important to stress that many of the disagreements that have ensued between the experimentalists and 
theorists is the use of language that has been defined and understood differently. For example, Warshel has insisted 
on reserving the term dynamics to refer to barrier re-crossing; he argues that any motion that is at equilibrium with 
regard to the H-transfer process cannot be called dynamical [68]. This is very different from the notions of 
biochemists who identify protein dynamics in the context of protein flexibility and conformational sampling and 
remain convinced that such “dynamics” are critical to catalytic efficiency. A second, issue, once again highlighted 
by Warshel is that the only factor that differentiates an enzyme reaction from a solution reaction is the electrostatic 
stabilization of the former [68]. However, this conclusion is a direct consequence of the manner in which Warshel 
sets up his analysis, that involves first, establishing an enzymatic transition state model with defined distances and 
electrostatic interactions, and second, simply replacing the enzyme with water as the model system. As carried out, 
the only property that is allowed to change is the electrostatic stabilization, so that it is not surprising that Warshel 
concludes that all of enzyme catalysis derives from electrostatics. Another key feature intrinsic to Warshel’s models 
is the presumption that the enzyme is completely pre-organized within its static, ground state. When looked at 
closely, Warshel’s approach is equivalent to the classical Pauling definition of enzyme catalysis that is attributed 
entirely to a static complementarity between an enzyme and the reactant’s transition state [69].  
   The issue of the contribution of non-equilibrium motions to catalysis, in a manner that goes beyond the impact of 
the transmission coefficient, has also been pursued. Schwartz and co-workers have been major proponents of very 
fast (fs) motions that couple directly into the reaction coordinate, for example, in the reaction catalyzed by purine 
nucleoside phosphorylase where bond cleavage events are likely to occur on a similar (fs) time scale [70]. By 
contrast, in the case of H transfer by tunneling, wave function transmission through the barrier is likely to be so 
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much faster than any other nuclear motions, that direct coupling of heavy atom motions into the H-transfer 
coordinate can safely be neglected.  
 
4.3 Linking local active site structure to global protein conformational sampling (dynamical protein 
preorganization) 
 
    The recognition that conformational landscapes will play a role in enzyme catalysis, protein ligand binding and 
protein allostery has entered into the mainstream of biochemistry (cf. [71]). One of the major challenges has been to 
go beyond the demonstration of the presence of multiple conformers and to provide links of such conformational 
interconversion to function.  While this can be done computationally, it is much more difficult to come up with clear 
cut experimental approaches that provide such a link. Given that this report is focused on quantum effects, a very 
brief summary will be made of the essential link of conformational sampling to enzyme catalyzed H-transfer 
reactions: 
     First, there is the property of temperature-independent KIEs that, at our current level of understanding, requires 
an H-donor and acceptor to get much closer in physical space than their initial van der Waals radii (cf. Table 1), 
generally attributed to an equilibrium sampling of interconverting conformational substates. As discussed in 
previous reviews, the probability of a subset of conformers being capable of supporting H-tunneling is small, which 
contributes to the observed, relatively slow (ms) rate constants. It has been further proposed that conformational 
sampling may be a dominant contributor to the T∆S‡ component of ∆G‡ [22, 23, 72], Scheme 5.  
 
                              
Scheme 5.  Separation of protein motions into two classes, termed preorganization and reorganization [22, 23]. The preorganization represents 
the conformational landscape and shows, as a frame of reference, all accessible conformations at the top.  The achievement of an active site 
geometry capable of supporting tunneling only occurs within some subset of the overall landscape, labelled green (with a perturbed landscape 
shown in red).  These occur with a reduced probability that can appear as a more negative entropy of activation. The enthalpic barriers among the 
conformational substates may be quite small [72], ensuring the ability of protein to sample a large conformational landscape.  Once the subset of 
tunnelling-optimal conformers is reacted, further barriers exist for tunneling; these include equalizing the energy barriers for reactant and product 
(to allow for wave function overlap) and adjustment of the donor/acceptor distance (∆r).  The latter may be a relatively small effect for fully 
optimized proteins where the KIE is observed to be temperature-independent.   
 
     Second, there is the finding that a range of perturbations remote from an enzyme active site alters the temperature 
dependence of the KIE in a direction that implies an increase in the initial distance between the H-bond donor and 
acceptor (cf. Box 2). This has been ascribed to a disruption in the conformational landscape (shown in red in 
Scheme 5) that is transmitted to the active site reactive configuration that controls tunnelling efficiency [22, 23]. 
     Third, there is the property of Swain-Schaad deviations in the ADH reaction that indicate an active site that is so 
compact under conditions of deuteron transfer that the normal inner sphere reorganization is impeded. As with the 
temperature dependence of the primary KIE, this is relieved following site-specific mutagenesis to reduce active site 
crowding [52, 53]. 
     Fourth, there is the 1:1 correlation between increases in local flexibility in a thermophilic ADH and changes in 
the tunneling properties: only when the protein becomes sufficiently flexible at elevated temperature does the KIE 
become temperature-independent and the Swain-Schaad parameter Y become inflated [73, 74].  
     Lastly, there is the observation of an elevation of the Arrhenius pre-factor above a physical limit of 1013 s-1 for 
the same thermophilic ADH system, when the temperature is reduced below 30 ºC. This behavior can be modelled 
by an altered, low temperature-induced conformational landscape that leads to trapping of protein into catalytically 
non-productive conformers [49, 75].  
 
 
r
PREORGANIZATION
Entropy
% of conformers
with particular 
configuration
REORGANIZATION
(A) (B)
Judith P. Klinman / Procedia Chemistry 3 (2011) 291–305 303
4.4 Going forward…  
 
     The detection of hydrogen tunneling in enzyme reactions has led enzymologists in new directions, in their quest 
to understand the enormous rate accelerations brought about by these catalysts and to use this information in the 
design of catalysts from first principles. While the ideas presented in this account reflect our current state of 
knowledge, the field has been in a constant state of flux since the 1980s, when the first intimations of a role for 
quantum tunneling began to emerge [3].  At this juncture, we face numerous challenges that include:  
• The development of a tool kit of experimental approaches for a direct linkage of rapid conformational 
interconversions in proteins to the facilitation of active site H-tunneling. 
•  An understanding of the way individual amino acid side chains can control the conformational sampling process 
to produce optimal catalysis. 
•  The discernment of possible pathways for a specific transmission of energy/conformational change from solvent 
accessible regions of a protein to the protein active site. 
•  An increase in our understanding of what is necessary, structurally and dynamically, to achieve the very close 
inter-nuclear distances that are implicated from H-tunneling properties, and further, concluded to be a generic 
property of enzyme catalysis (cf. Section 5 below). 
•  The development of an analytical theory for the tunneling rate that can accommodate secondary as well as primary 
KIEs. 
•  An explanation for why different classes of hydrogen transfer reactions are seen repeatedly to lead to very 
different magnitudes for the primary hydrogen KIEs In the direction of largest to smallest: KIE for hydrogen atom > 
KIE for proton transfer > KIE for hydride ion transfer.  
 
5. Concluding comments on the often-posed question: Did enzymes evolve tunneling to achieve large rate 
accelerations? 
 
     The movement away from a focus on quantifying the extent of H-tunneling in enzyme reactions to full tunnelling 
models has led some investigators to conclude that tunneling does not contribute to enzyme catalysis. This point has 
been made in the context of one model study (Section 4.1) and, quite frequently, in computational chemistry 
(Section 4.2).  
     From an experimental perspective, the widespread acceptance of the importance of H-tunneling in condensed 
phase is largely a result of the repeated observation of H-tunneling in enzyme reactions. It can now be concluded 
with some assurance that C-H activation at an enzyme active site will involve transfer of hydrogen as a wave. While 
there are increasing situations where model systems show evidence for tunneling as well, the types of deviations 
from both semi-classical behavior and tunneling corrections seen for enzymes at room temperature (Sections 2 and 
3) are only rarely observed in the reaction of small molecules (Section 4.1).  
     The special properties seen in C–H activation by enzymes have been reconciled by the ability of active sites to 
undergo compression in a manner that becomes especially conducive to H-tunneling. One especially compelling 
piece of evidence is the frequent finding that the enthalpy of activation for C–D cleavage is very close or equal to 
that for C–H cleavage, as reflected in isotope effects on the Arrhenius prefactor, A1/A2 >> 1, Table 2.   
 
Table 2. A partial summary of the range of enzyme reactions that display A1/A2 >> 1.  
Enzyme k1/k2 (25 ºC) A1/A2 Ref 
SLO     (H/D) 81  (H/D) 18 1 
Ht-ADH     (H/D) 3.2  (H/D) 2.2 2 
PHM     (H/D) 10  (H/D) 5.9 3 
MADH     (H/D) 17  (H/D) 13 4 
TMADH     (H/D) 4.6  (H/D) 7.8 5 
SADH     (H/D) 7.3  (H/D) 5.8 6 
AcCoA Desat.     (H/D) 23  (H/D) 2.2 7 
DHFR     (H/D) 3.5  (H/D) 4.0 8 
CHOO     (H/D) 11  (H/D) 11 9 
                1 Soybean lipoxygenase [30] 
       2 High-temperature alcohol dehydrogenase [49] 
      3 Peptidylglycine α-hydroxylating monooxygenase [51] 
      4 Methylamine dehydrogenase [76] 
      5 Trimethylamine dehydrogenase [77] 
      6 Sarcosine dehydrogenase [78] 
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      7 Acyl CoA desaturase [79] 
      8 Dihydrofolate reductase [80]  
      9 Choline oxidase [81] 
 
Despite the shorter wavelength for the heavier isotope, and the absence of the need for enzyme evolution to be 
linked to cleavage of a C–D bond (with a natural abundance of deuterium of < 0.02 %), enzyme active sites appear 
sufficiently compact to promote tunnelling with similar properties to that of protium tunnelling.  There are two 
distinct scenarios that can be put forth for the origin of this observation: (1) Primitive enzymes played an important 
role in C–H activation, leading to a generic property of catalysis via active site compression; or (2) A fundamental 
and generic strategy of enzymes is to achieve active site compression, leading to the current dominant role of 
tunnelling in biological C–H activation.  Recent reviews [22, 23] have focused on the latter interpretation to 
rationalize temperature-independent KIEs in enzyme reactions.   
     The ideas developed in this account indicate that biological H-tunneling can provide a lens into the origin of the 
huge rate accelerations characteristic of enzymes, reflecting an evolutionary strategy toward fitness: this strategy 
combines a large and dynamical protein (to impart conformational flexibility) with an exquisitely crafted active site 
(that can contribute multiple functional groups while conferring close packing of reacting residues).  Seen from this 
perspective, quantum mechanics, while not separate from other origins of catalysis, is a natural and evolved 
contributor to life, as we know it. 
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